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FOREWORD

This report has been generated under the advanced gun propellant
evaluation analysis portion of Project 62602F 2560 and is presented as a

¢
state of the art advancement that can be applied to gun propellant research
efforts. The study was conducted during the period February 1970 to
January 1971.
: This technical report has been reviewed and is approved.
3 CHARLES PETRIDES
; Chief, Advanced Development Division
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ABSTRACT
. A computer program is presented for computing the chemical equilibrium
reaction products associated with gun propellant combustici'. This program
will provide a good first approximation of flame temperature, specific
P heat ratio, impetus, and mean mo’:cular weight of the combustion products.

The program as developed at the Air Force Armament Laboratory was based on
a code used by the National Aeronautics and Space Administration Lewis
Research Center. The minor changes to the program are discussed, some

3 results from advanced solid propellant formulations calculations are pre-
: sented, and a form of users manual for thermochemical programs and for the
¢ program to generate specific heat polynomials from JANAF tabular data is
presented.

Distribution limited to U. S. Government agencies only; this
3 report documents the test and evaluation of military hardware;
;| distribution limitation applied January 1971. Other requests
for this document must be referred to the Air Force Armament
Laboratory (DLDG), Eglin Air Force Base, Florida 32542,
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SECTION 1

INTRODUCTION

The field of gun propellant development, which had been relatively
static for many years, has recently begun to attract increased attention.
The availability of an accurate theoretical thermochemical propellant
performance computer program is of central importance to informed
research and development efforts ia this field. As a formulation screen-
ing tool, a few dollars of machine time can save hundreds of dollars of
laboratory small-batch-mix effort by eliminating unpromising candidate
formulations and providing a good first approximation to the primary
important propellant parameters. These would include flame temperature,
specific heat ratio, impetus, and mean molecular weight of ti:e combustion
products. To most expediently obtain a computer program for computing
the chemical equilibrium reaction products, the Air Force Armament
Laboratory modified an existing free-energy minimization rocket propellant
performance program. The program selected was the one used by the

Nati%??l Aeronautics and Space Administration Lewis Research Center.
code

This
has a background of almost ten years of successful application.
In addition, it was readily available and the JANAF specific heat data
could be easily applied to the thermodynamic data tape. The program, as
modified for gun propellant applications, was checked against established
experimental data and other analytic chemical equilibrium computing
techniques, with excellent agreement. Additionally, an algorithm was

added which computes combustion gas viscosity and thermal conductivity
by a Leonard-Jones potential technique.

The following sections of this report discuss the minor changes
made to the Lewis approach, give some results from advanced solid propel-
lant formulation calculations, and provide a form of users manual for the
thermochemical programs and for the Brogram to generate specific heat
polynomials form JANAF tabular data(2) Appendix I presents the Lewis

program listing and Appendix II presents the polynomial fit program used
at the Armament Laboratory.
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SECTION II

FREE ENTHALPY EQUATIONS

This report will not discuss the mathematical techniques of chemical
equilibrium computations. Th}s task has effectively been accomplished in
a recently issued monograph(3 which discusses in detail not only the
Lewis technique but also several other commonly used approaches. This
report will demonstrate only that, at chemical equilibrium, the Gibbs
frec energy, G, (or fre: enthalpy) will be a minimum.

From the First Law of Thermodynamics, in an irreversible process:
dE + pdv - Tds<0 (1)

or at equilibrium
dE + pdv - Tds=0 (2)
For a constant pressure and temperature, equation (2) becomes
d(E + pv - Ts) =0 (3
GT = HT - TIS1 (4

Equation (4) establishes the relation that the Gibbs free energy will
be a minimum at equilibrium, and when coupled with the atomic species mass
conservation equations, it provides a sufficient set for solution of the
combu tion species concentration and flame temperature (if the combustion
pressure is specified). Then, to set up a minimization algorthm only
requires a value for the heat of formation of the reactant compounds and
tabular or polynomial data for the specified heat, C,, enthalyy, Hr, and
entropy, St, of the possible combustion products. Tgese thermodynamic

data can be ubtained from reference 2 for most combustion products of
interest: as

T
Hy - Hygg = f298 Cp dT (s)
T ¢
. = 6
and S S508 1298 _ra dT (6)
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Selecting a polynomial form for C_, the terms HT and ST can be
conveniently fitted to similar polynomiais by performing the indicated

integrations
% 2, 3,
R =8y + agl + agl” *+ 34T + asT (7
H
o= ap* 1/2 a7+ 13 asT? + 1/4 24T + 1/5 agT* + ag/T (8)
St 2 3 4
R = aylnT + a,T + 1/2 agT% + 1/3 a4T” + 1/4 agT" + ay 9)

For a more precise fit, the Lewis program utilizes two sets of
coefficients for each spe

cies, one in the temperature range 0° to 1000°K
and the other from 1000° to 6000°K. Limits of species existence can be

placed on the propellant data to restrict the range of polynomial appli-
cability.

The primary change made to the Lewis algorithm was to additionally
develop an approximate isochoric temperature from the isobaric temper-
ature provided by the program. This requires the assumption that approx-

imately the same species would form either in an isochoric or isobaric
process, providing a similar total heat release.

If these assumptions
are warranted, then:
Q = CPTFP (10)
Qp = CyTRy 83))
Try = Cp/CyTg, = YTg, (1z)

Once the isochoric flame temperature and mean molecular weight of
the combustion products are known, the impetus is simply

P

F =R Tpy
M
where R = 2780 ft-1bs/lb-mole-°K

(13)

The program also computes the constitutive products mole fractions
as a function of the pressure ratio (or, for a gun system, of the
velocity) if quasi-isentropic conditions are assumed.

Equation (13) indicates the importance of developing advanced pro-
pellants with lower molecular weight combustion products, if the impetus
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of a propellant is to be increased without a corresponding flame temper-
ature increase. High propellant flame temperatur s are, of course, the
prime limiting factor in developing an acceptable barrel life for auto-
matic aircraft cannon having a high performance and a high rate of fire.
Current single-base solid gun propellants display molecular weights in
the order of 25. Table I illustrates the distinctive flame temperature
advantage of lower molecular weights in obtaining cooler combustion con-
ditions without sacrificing energy output.

TABLE I. FLAME TEMPERATURES AS A FUNCTION OF
MOLECULAR WEIGHT AND IMPETUS

Flame Temperature, °K, at Impetus, Ft-1b/1b

Molecular Weight,
Atomic Mass Units 325,000 350,000 375,000 400,000

25 2980 2150 3380 3500

22 2570 2770 2970 3170

20 2340 2620 2700 2880

19 2220 2380 2570 2740

18 2110 2270 2430 2590

17 1990 2140 2290 2450

The very favorable performance data indicated by the lower right-
hand entries in Table I are responsible for the continued advanced solid
gun propellant development efforts. The test cases described in the
following sections have resulted from calculations of two of the formu-
lations now under contract investigation and from a comparison of results
of two theoretical computations 'ith experimental measurements of
inservice propellants. All computations are performed at a standard
reference pressure of 5,000 psia.

The first requirement for free energy computations is a reliable
list of heats of formations for the constituents to be considered. Table
Il provides this data for the ingredients in the formulations discussed
in this report. Additional tables are available in references 4 and 5.
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SECTION III

COMPUTATION OF VISCOSITY AND CONDUCTIVITY

For gun propellant applications, it is often quite important to determine
a theoretical value for the combustion gas conductivity and viscosity.
These are particularly necessary if the convective gun barrel heating
characteristics of the propellants are to be eva%uated. To accomplish
this task, the Leonard-Jones potential technique was applied.

The viscosity for a single constitutive species is given by:

by = 2.6693 x 107° MT /0% (14)

where T is the temperature, M is the molecular weight, and ¢ and Q are
the Leonard-Jones force constants. The viscosity of the mixture is

defined by
n n (15)
H = BT P,
MIX 121 XiHi '21 %59

with n being the number of species considered and x; being the mole
fraction of the species. The value, Qij is defined as

-1/2 \1/2(,. V4]
¢i.=1 1+B_4.i. / 1 i .I_‘.b. (16)
I B M; M5 M.
The thermal conductivity of a species is given as:

; 17
K, = 1.9891 x 107" é;é? (17)

The mixture value is given as

n n
K =2 [ K, £ ox, 0. (18)
MIX 5o\ 1 Y[ \j=2 T Y

This approach is strictly valid for only dilute mixtures of non-polar
molecules. Five spec.es are considered, (one of which, Hy0, is polarj,
and all have a dense gas system. Thus, the results contain only order of
magnitude validity, but are none the less of value, considering the state
of the art in mathematical modeling of the transient heat convection
process in gun bores. Table III gives the species considered which are
typically 98 to 99 percent of the combustion gas cunstitutients.
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TABLE III. LEONARD-JONES PUTENTIAL PARAMETERS (FORCE CONSTANTS)
Species Molecular Viscosity, Conductivity,
Weight, Grams/cm-sec Cal/cm-sec-K
Atomic Mass
Units
H2 2.016 2.915 38.0
Nz 28.02 3.749 79.8
co 28.01 3.706 88.
co, 44.01 3.897 213,
H,0 18.0 2.824 230.9

Table IV consists of the £-KI relations needed for the solution of

Equations (14) and (17).

The firsct column contains values for the

relatively non-polar species such as Hp, N, CO, and CO,, while the
second column has a corrected value for the highly polar H30.
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TABLE I1V. REDUCED CROSS SECTION
KT/ €] NON-POLAR| POLAR KT/e | NON-POLAR| POLAR
1.0 1.5938 [2.6199 7 0.8725 {0.8946
1.2 1.4568 |2.4257 8 0.8536 |0.8422
1.4) 1.3557 }2.2713 9 0.8378 |0.8043
1.6 | 1.2800 {2.1413 10 0.8242 |0.7760
1.8] 1.2216 }2.0263 11 0.8123 |0.7544
2.6| 1.1751 }1.9217 12 0.8017 {0.7376
2.2 1.1377 |1.8258 13 0.7922 |0.7243
2.4| 1.1066 |1.7373 14 0.7836 |0.7134
2.6 | 1.0803 |1.6559 15 0.7756 ]0.7045
2.8] 1.0579 ]1.5812 16 0.7883 {0.6971
3.01 1.0385 |1.5126 32 0.6939 0.6462
3.2 | 1.0214 |1.4498 64 0.6262 |0.6033
3.4¢ 1.0063 1.3926 128 0.5634 |0.5528
3.6 ¢ 0.9928 11.3401 256 0.5056 |0.5006
3.8 0.9807 }1.2922 512 0.4528 |0.4505
4.0{ 0.9696 |1.2485
5.0 0.9265 |1.0797
6 0} 0.8960 [0.9694
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SECTION IV

INPUT FCR GUN PROPELLANT PROGRAM

The input data for the gun propzllant program (Appendix I) can be divided
into four general groups hrsing code names as follows:

1) Thermodynamic data for the reaction products (THERM@ data).

2) Data pertaining to the reactants or propellants (REACTANTS data).

3) Special options related to chemical specics present in the combusted
gas (@MIT/INSERT data}.

4) Namelist data including the type of problem, pressure ratic and area
ratio schedules, variouvs options, etc. (NAMELISTS data).

The required order of the data cards is:

1) One card with the code word THERM@ punched in columns 1 to 6.

2) THERM@ data.

3) REACTANTS card. Number of reactants right adjusted in columns 1 to
3 and number of cases right adjusted in cclumns 4 to 6.

4) @MIT and/or INSERT data.

5) One card containing up to 80 columns of alphanumeric identification
data.

6) NAMELISTS data.

For any particular problem there may be multiple REACTANTS cards. Each
set of REACTANTS cards may be followed by multiple NAMELISTS input cards.
Each type of input data is discussed in detail in the following sections.

1. THERY DATA

The thermodynamic data for the reaction products may be read either from
cards or from magnetic tape. When tape input is used, both the THERMP
code card and all THERM@ data cards must be omitted. It is anticipated
that most users will prefer the magnetic tape since this reduces the
number of cards which must be handled. The card format for the THERM@
data is described in Section V. Use of the tape input requires no action

on the part of the user, once the required data is established on the
tape.

2. REACTANTS DATA

REACTANTS data is required for all problems. Following the code card
there should follow one card for each reactant species being considered,

with a maximum of 15 allowed. Each reactant card, after the code card,
contains the following information:

AN
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a. The chemical formula for the species,

b. Either the number of moles of the reactant or the relative weight.
The relative weight is the weight of each fuel or oxidizer expressed
as a fraction of the total fuel or oxidizer.

c. The enthalpy of the species expressed in calories per mole. (This is
not required for an assigned temperature problem. See Section IV.4
for description of assigned temperature problem.)

d. The state of the reactant (gas, liquid, or solid).
e. The temperature associated with the enthalpy.

f. Designation of each reactant species as either a fuel or an oxidizer.
(The program then combines all fuels into an effective fuel and all
oxidizers into an effective oxidizer.)

g. The reactant species density. (This information is optional and may
. be omitted. If densities are input for all reactants, the program
calculates a density for the overall system.)

h. Multiple cases with identical reactants are identified by the reactants
code card and the preceding data need not be repeated.

The veactant information is arranged on a card. Standard chemical
alphabetic symbols are required for the chemical elements (i.e., H for
hydrogen, HE for helium, LI for lithium, BE for beryllium, etc.). Each
reactant may be composed of no more than five distinct chemical elements.
Each chemical element is allowed two columns (columns 1 and 2, 10 and 11,
19 and 20, 28 and 29, and 37 and 38) for its symbol. For those elements
whose symbol consists of a single letter, the symbol wuust be placed in the
left-most (left adjusted) of the two columns. The formula number (the
number of atoms of each element in a reactant) is to appear in the columns
immediately following the chemical symbol (i.e., columns 3 to 9, 12 to 18,
21 to 27, 30 to 36, and 39 to 45). The formula number may appear anywhere
within the seven colum field, and a decimal point must be used for each
number. Note that the exponent numeric form, or E format, may not be used
here. Also note that for a given reactant an individual element may
appear only once (empirical formula). Thus, a compound such as furfuryl
alcohol, whose formula might be written as C4H30°CH20H to represent its
structure, must be treated as though it were CS5H602 or O2H6CS, etc. The
order of the elements is immaterial for this program.

The relative weight of each reactant should be placed in columns 46 to 52.
The number may appear anywhere in these columns, a decimal point must be
used, and the exponent numeric form may not be used. If the number of
moles o." each species is input in these columns the same restrictions
apply, but an additional bit of information, an M in column 53, must

10
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appear on the caid. Column 53 is left blank for relative weights. Note
that the relative weight and molar designations may not be mixed for any
single problen.

The reactant enthalpy is placed in columns 54 to 62, and the units must
be calories per moie. The number may appear anywhere in these columus,
a deciaal point must be used, and the exponent aumeric form may not be
used. A sign is required only if the enthalpy is negative. Obviously,
this enthalpy must be consistent with the enthalpy base used for the
THERM@ data. For the JANAF data, the enthalpy hase is as follows:

For eaci element, the phase, condensed or liquid, which is most stable
at one atmosphere pressure is designated as a reference, or bace, state.
The heat of formation of this state at 298.15°K is arbitrarily specified
as zero. Then all thermodynamic properties for other phases of the
element, as well as for any compound containing the element, are refer-
enced to the base state.

The initial state for each reactant is indicated by an S for solid, an L
for liquid, or a G for gas in colunn 63. The initial reactant temper-
ature, in degrees Kelvin, goes in columns 64 tc 71. Both the initial
state and temperature are used only to label the output printout and if
they are omitted or input incorrectly, the calculations are not affected.

For all problem types (see Section IV.4) except a detonation problem,
colums 73 to 70 are reserved for the reactant density in grams per cubic
centimeter. The inputting of this data is optional, but if it is given,
a decimal point must be used. For a detonation problem, columns 73 to 80
are used for the reactant specific heat at constant pressures. This data
is required for each reactant for a detonation problem

3. @MIT/INSERT DATA

The purpose of the @MIT/INSERT option is as follows. The program
considers as possible products all species in the THERMJ data which are
consistent with the chemical system which was input on the REACTANTS
cards. Occasionally, it may be desired to eliminate one or more species
from consideration as possible products. This may be accomplished by
placiug the species chemical formula on an @MIT card. Both gaseous and
condensed species may be omitted.

Only the numes of condensed species may appear on an INSERT card. The
INSERT opiivn nas been included for two reasons. The less important of
the two is that :if it is known beforehand that one or more particular
condensed species will be among the final equilibrium composition for the
first assigned point (i.e., the combustion chamber for a rocket problem),

then a small amouut of computer time can be saved by using an IN.‘RT card.

The more important reason for the INSERT option is that, in rare
instances, it is impossible to obtain convergence without the use of an

11

VRO PRUPY W S S A




s

WENTTEN 7

LIS B ey

aaba o e i

"

INSERT card. This occurs when, by considering gases only, the temperature

becomes extremely low. When this happens, the program outputs the follow- »
ing message: '"'LOW TEMPERATURE IMPLIES CONDENSED SPECIES SHOULD HAVE BEEN

INCLUDED ON AN INSERT CARD'" and no solution will be obtaired. The user

should resubmit the problem with one or more appropriate condensed species v
listed on an INSERT card.

The use of @MIT and INSERT cards is completely optional; however when
used, each card must contain either the code word @MIT in columns 1 to 4
or INSERT in columns 1 to 6 and the chemical formulas of from one to four
product spccies. The names of the spscies must be left-adjusted and begin
in columns 16, 31, 46, or 61. I[n addition, the species name must be
punched on the card exactly as it apnears in the THERMP data. This means
that the order of the chemical elements within the species name, the
formula numbers, and the state of the species must all be identical. For
example, gaseous ammonia would commonly appea. as NHz. Because of the
alphabetizing scheme used for thermodynamic data, this species is written
as H3N1(G).

4. NAMELISTS DATA

The word NAMELIST is a FPRTRAN IV statement and provides a convenient way
of inputting data. One of the major advantages of the NAMELIST input
method is that the data can be placed in any order and need not be placed
within pre-specified card columns as is the case for the REACTANTS data.

A secondary advantage is that the variable name appears with its

numerical value on a card, thus making it easy to tell the purpose of each
piece of data without having to refer toc a program manual or to the
program listing. Even though inputting data by means of NAMELIST is
convenient, the following rules must be observed.

All data input by means of a NAMELIST statement must be associated with
a NAMELIST name, and for this program there are only two: INPTZ2 an.
RKTINP. The first column of all NAMELIST data cards may not be used and
must be blank. The second column of the first card only must contain a
$ character. The applicable NAMELIST name must be placed on the first
card only. The name must begin in column 3, and must be followed by at
least one blank column.

Each NAMELIST name is assigned a group of F@RTRAN variables. (The
variables belonging to INPT2 and RKTINP are listed in Tables V and VI,
respectively.) These variables u:e assigned to a NAMELIST name within
the program, and numeric data can :ly be input in conjunction with a
NAMELIST name.

Although, in general, there are seven forms that input data may take,
only three are of interest for this report. These are integer constants,

12
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real number constants, and logical constants. These are defined as
follows:

a. An integer consists of one to eleven digits written without a decimal
point,

b. A real number constant may be written in two ways. The first form is
from one to nine digits, including a decimal point, followed by an
exponent. The exponent is written as the letter E followed by a sign
and a one or two digit integer. For example 12345. could be writtgn
as 1.2345E04 or .12345+5, etc. The second form is one to nine digits,
including a decimal point, but not followed by an exponent.

c. A logical constant may be either true or false. There are two foxms
in which the constant may be written. These are either .TRUE.ct T
.FALSE. or F. The periods before and after the long forms are
mandatory.

Logical constants may be associated only with logical variables. Integer
constants may ve associated with real variables and vice versa, and the
proper conversion is made automatically by the computer. Note that when
inputting data without a NAMELIST statement this conversion may cause
difficulties and should only be used with great care.

On a NAMELIST card, .each piece of data must be written in conjunction

with its variable name (e.g., P = 100, or INDEX = 3, or PSIA = .TRUE.,
etc.). The equal sign is mandatory, and the data items must be separated
by commas. If more than one card is required, the last item on each card,
except for the last card, must be a constant followed by a comma. A
variable namc may not be the last item on the card. The end of a group
of data is signaled by a § character. This may be on the same card as
that containing the NAMELIST name if only one card is used or may be on
any succeeding card, but it may not be the first character «n a succeeding
card. Note that it is not necessary to completely fill a card with data
before beginning a subsequent card. In fact, the user may want to put
each piece of data on separate cards. This facilitates subsequent data
changes. One fi, 1 note, it is not necessary to input data for every
variable contained in a NAMELIST; however, each variablc . as been assigned
a value within the program, and this value is used unless superseded by
input data. The assigned values for all NAMELIST variables in this
program are included in Tables V and VI,

To illuctrate the preceding instructions, the following paragraphs discuss
the specific NAMELIST data required by this program, what each data bit
does, and then some specific examples.

13
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The INPT2 NAMELIST data must be used for all problems. The variables in

the INPT2 NAMELIST are listed and defined in Table V along with the type -
and assigned value of each variable. The type of problem (one of either

TP, HP, RKT, or DETN), at least one pressure (P), and the relative amounts

of fuel and oxidizer (i.e., one of either EQRAT, OF, FPCT, or FA) are v
required for each problem. The other variables are either compietely

optional or may be required only if a particular problem type is

requested.

The varizble JANF is a flag to indicate which thermodynamic data
polynomial should be used. JANF=0 designates a polynomial of the form
Cp=A1¥A2T+A Tz+\4T3+A T4, This is the form used by the Lewis Research
Center and 1s also thé form the Armament Laboratory uses after converting
the JANAF data,

The Lewis program is quite flexible in the type of problems it will con-
sider or the thermodynamic variables which may be fixed. For gun pro-
pellant problems, it is most advantageous to assign the enthalpy and
pressure which, in system nomenclature, constitutes an RKT problem.

a. RKT Problem

If RKT = .TRUE. or T, then a rocket problem is solved. A rocket problem
is one for which the combustion takes place at an assigned enthalpy
(REACTANTS cards) and assigned pressure (single value in the P variable),
foilowed by an isentropic expansion. The combustion temperature, the
thermodynamic properties and rocket performance are calculated for the
chamber, the throat, and assigned exit points. The exit points desired
are specified in the RKTINP namelist. If a temperature is assigned

(T variable), then combusticn will be assumed to occur at that temperature
and not at the assigned enthalpy. The RKT problem type combines the H,S
and T,S problems of the earlier program version. Note that, when this
option is selected, the second set of NAMELIST data, RKTINP, is then
required. The combustion gas conductivity and viscosity are computed for
this option only.

b. DETN Problem

If DETN = .TRUE. or T, then the program solves a Chapman-Jouget detonation
problem. The thermodynamic properties and composition downstream of the
detonation wave are calculated for an assigned pressure and temperature
upstream of the wave. This detonation calculatior is primarily oriented
for gas phase detonations. It is of limited vvility for computation of
detonations in solids, as the specific heat polynomial of the reactants
must be on the data tape, which will not, in general, be the case for a
typical solid explosive constituent ingredient.

14
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c. P, PSIA, and MMHG Variables

The value P may be either the combustion pressure of a rocket engine
(RKT problem) or a pressure at which composition and thermodynamic

‘ properties (TP or HP problem) are desired. Up to 26 values may be input,
but oily one is permitted for an RKT problem. The program assumes that
the units of the pressures are ia atmospheres unless either PSIA or MMHG
are set true. If PSIA = .TRUE. or T then the pressure units are assumed
to be in psia units. If MMHG = .TRUE. or T then the pressure units are
assumed to be in millimeters of mercury. PSIA and MMHG may not both be
set true in the same problem.

d. T Variable

Values for the T variable should be input only if TP is set true or if an
assigned chamber temperature is desired for RKT problem. The temperature
units must be degrees Kelvin.

e. EQRAT, @F, FPCT, and FA Variables

: The relative amounts of total fuel and total oxidizer may be expressed in
b § one (and only one for each problem) of four ways. The mixture ratio (@F)
% and percent fuel (FPCT) are self evident. The fuel-to-air weight ratio
(FA) and equivalence ratio (EQRAT) are new to this version of the program
and are not of use for gun propellant calculations.

f. IDEBUG Variable

p: If IDEBUG = .TRUE. or T then a printout of the intermediate calculation

k. details is obtained. This is intended primarily as a debugging aid in the
3 event there are problems. The output is extensive and is explained on

- page 34 of Reference 1.

g. I@NS Variable

If IPNS = .TRUE. or T then the program will consider ionized species.

The earlier Lewis program version could not handle ionic species although
provision was made in one of the subroutines for future consideration of

ions. This capability is included in the newer program and thermodynamic
data for ionized species are available as well as a sample problem whi~h

uses I@NS = T.

h. EQL, FRgZ, PCP, SUBAR, and SUPAR Variables
. The five RKTINP variables (EQL, FR@Z, PCP, SUBAR, and SUPAR) in the RKTINP

namelist are listed in Table VI. Of these, only PCP is required. The
RKTINP namelist is required only if RKT is set true in the INPT2 namelist.

15




(1) PCP Vvariable

The value PCP is the ratio of the chamber pressure to the exit pressure.
This is one of the independent variables (along with the entropy) for the
nozzle portion of a rocket problem, and as such, at least one value must
be input. As many as 22 values may be input; however, unlike the older
program, values for the chamber and throat should not be input. Pressure
ratios for the subsonic portion of the nozzle may be used. Values must
be ordered so that the magnitudes increase monotonically.

(2) SUBAR and SUPAR Variables

Gun propellant performance at specific area ratios corresponding to a
given gas velocity, either subsonic or supersonic, may be requested.
Subsonic ratios are read as SUBAR and supersonic as SUPAR. When assigned
area ratios are requested, the range of PCP values should be large enocugh
to include the assigned area ratios. If the range is not large enough,
extrapolation may be performed. SUBAR values should be ordered such that
the values decrease and the SUPAR data should increase. Thirteen of each
variable are permitted. Note that the use of this program feature is
completely optional.

(3) EQL and FRPZ Variables

The program will calculate performance for both equilibrium and frozen
expansions unless instructed otherwise. If EQL = .FALSE. or F then the
equilibrium expansion is omitted and only frozen performance is calcu-
lated. If FRPZ = .FALSE. or F then the frozen expansion is omitted and
only equilibrium performance is calculated.

16
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TABLE V., VARIABLES IN INPT2 NAMELIST

Variable Name Variable Type Value (Unless Set Definitions
Di fferently)
JANF Integer 1. Thermodynamic data
polynomial indicater
P Real 0. Assigned pressures
T Real 0. Assigned temperatures
EQRAT Real 0. Equivalence ratio
oF Real 0. Oxident-to-fuel weight
) ratio
FPCT Real 0. Percent fuel by weight
FA Real Q. Fuel-to-air weight ratio
TP Logical False Assigned temperature and
pressure problem
HP Logical False Assigned enthalpy and
pressure problem
RKT Logical False Rocket problem
DETN Logical False Detonation problem
PSIA Logical False Assigned pressure-to be
in psia units
MMHG Logical False Assigned pressures in
millimeter of mercury
units
I@NS Logical False Consider ionic species
IDEBUG Logical False Print intermediate

Jutput
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are respectively M-
system (Case 102),

A comparison of these d
tical solutions gives the following results.

Lewis

Experimental

Lewis

Experimental

Lewis

Other
Theoretical

Lewis

Other
Theoretical

Case 100
Tv Fp
3312 366,548
3034 346,180
Case 101
3853 394,180
3840 396,840

Case 102

2566 377,584

2545 373,000
Case 106

2637 390,870

2647 391,000

19

1.17

1.20

1.28

(--)

1.29

(--)

(The reverse of this page is blank)

Table VIl contains the input data for several propellant performance
cases, and the output is listed on Tables VIII through XI. These cases

10 (Case 100), M-9 (Case 101), an HMX- rubber propellant
and an RDX-triamino-guanidine nitrate formulation (Case
ata with experimental or independent theore-

27.2
26.5
18.9

18.9

18.8
Y

18.8

The input data (Table VII) are discussed in the program writeup except
that no @MIT or INSERT cards are used.
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TABLE XIII. THERM@ DATA OUTPUT FORMAT FOR TITANIUM DIOXIDE
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SECTION V

THERM@ DATA PROGRAM

The program (Appendix II) to fit the tabular JANAF thermochemical
data to the Lewis polynomial is relatively simple and straightfor -ard.
JANAF data for Cp, H, and S iz read in the tabular form for two temper-
ature ranges 298° to 1,000°K and 1,000° to 6,000°K. The format is as
shown in Table XII for the gas TI@2. The first line consists of the
reference heat of formation to 298°K in calories per mole, the number
of points in the first temperature range and the number of points in the
second temperature range, followéd by a species identifier. The tabular
temperature references for the first interval are then listed followed
by the appropriate Cp, H, and S values. - This sequence is then repeated
for the second temperature range. Subsequent to data input, the program
establishes a matrix which it solves by an inversion procedure to obtain
the required polynomial constants. These constants are then output in
the form suitable for inclusion on the Lewis program thermodynamic data
tape.

The output is as shown on Tzble XIII for the Tif, species which is
also shown cn the input. The coefficients required on the data card for
the first temperature range are shown on the first line followed by a
comparison between the tabular data and the generated polynomials for
the three functions of interest. It can be seen that the data fit is
quite good. These data are followed by the required constants for the
second temperature range and a similar comparison of pclynomial and
tabular results.

These results are read onto the data tape in the form shown on
Table XIV. There are four cards per species. The first line consists
of the empirical formula in columns 1 to 12. A gaseous species has no
subscript, a liquid, has subscript L, and a solid, has subscript S.
Columns 19 to 21 contain a code for the datz source, in this case, a J
for the JANAF tables. Columns 22 to 24 are the month and year of poly-
nomial computation. The Ffirst through the fourth atoms in the species
ave inserted in columns 25 and 26, 30 and 31, 35 and 36, 40 and 41, while
the respective number of atoms are placed in columns 27 to 29, 32 to 34,
37 to 39, and 42 to 44. Column 45 is used for the phase of the species
G, L, or S. Columns 46 through 55 have the lower temperature bound at
which the species exists ~ith the upper temperature bound being placed
in columns 56 through 65.

Cards 2, 3, and 4 contain the 14 polynomial constants, five each on
cards 2 and 3 and four on card 4.
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